The vocal tract was excited transcutaneously at a point just above the glottis hy an e•ternal sweep-tone signal, in order to measure its transfer characteristics acoustically as continuous frequency functions. An analysis-by-synthesis procedure derived reliable data of vowels, in particular of the formant bandwidths, for three male and three female normal subjects. It has been shown for the closed glottis condition that the first formant bandwidths are higher for close vowels (typically 70 Hz for male subjects} than fnr semi-open vowels (typically 35 Hz for male subjects). Stationary consonantal articulations including stops, nasals, and 
experiment.

II•ITRODUCTIOl•I
Direct measurements of the vocal-tract transmission characteristics by use of sinusoidal waves as the excitation have been reported by van den Berg, who applied a sweeping pure-tone signal at the larynx of a hemilaryngectomized subject. t Fant adopted a similar method to a normal subject by exciting his vocal tract through the skin near the larynx. His sound source was a small moving-iron-type transducer, and by applying the vibrating diaphragm directly on the outer surface of the throat somewhat above the larynx, he recorded frequency response curves of the vocal tract for different vowels and some nasalized vowels. By visual inspections of the continuous response curves near formant peaks, he estimated the bandwidths of the formants under a closed-glottis condition• and derived a graph of the bandwidth values plotted against frequency over a frequency range up to above 4000 Hz.
• These sweep-tone techniques as a method for exploration of the acoustic characteristics of the vocal tract are characterized by two major advantages. The continuous-frequency response curves that can be obtained by these methods can reveal all details of the transfer characteristics, whereas the harmonic structure of natural voiced speech samples obscures these spectral details. More important is that these measurements exclude the unknown factor of the source spectrum, which we usually, in the case of analyses of natural utterances, cannot separate from the transfer function. The source characteristics change depending not only upon individual subjects but also upon individual utterances or even different portions within the same stretch of voicing, in partial correlation with articulatory changes. a Particularly in the low-frequency range, we have lacked precise knowledge both of the voice characteristics and of the vocal-tract characteristics because they could not be measured separately. Several specific points concerning the fom•ant bandwidths of vowels, transfer charac-subjects or sufficient control of the experimental environment, and we cannot expect sufficient data for drawing quantitative conclusions. Also, pathological cases may tend to be abnormal even when the physiological anomaly does not seem directly relevant to pertinent articulatory actions. In fact, the formant data obtained in his experiment show apparent inaccuracy even with respect to the number of formant peaks in a certain frequency range. Fortunately, these difficulties can be largely circumvented by the experimental technique proposed here. In the case of the external excitation through the laryngeal wall, it is actually not necessary for us to assume a flat transfer characteristic of the body wall, in order to obtain accurate measurements of the frequencyresponse curves for various articulations. If we adopt as our starting hypothesis certain conclusions of the acoustic theory of speech production 4 and take a heuristic approach which is familiar to us in the analysis-bysynthesis experiments, a all we need here is a much weaker assumption that this transcutaneous transmission characteristic remains constant during a comparatively short period of an experimental session, for the set of different articulatory poses to be examined in the session. Furthermore, this assumption can to a large extent be tested in the experiments, as will be shown in this study.
I. EXPERIMENTAL PROCEDURES
A. Recording of the Vocal-Tract Response I:igure 1 illustrates the experimental setup for the recording of the response curves. The subject sits in an anechoic chamber and applies a vibrator to his throat.
A high-quality moving-coil-type electromagnetic transducer (manufactured by the Goodman Corporation, England, type V-47) is employed as the vibrator, and a special brass case with an internal lining of lead is flat circular area of about 1 cm in diameter at the top. The circular top of the moving part is surrounded by the neck of the container leaving a small gap, and the former outstands the latter by an adjustable difference in level, so that both fit to skin with appropriate pressures.
A plaster model of the anterior part of the neck was cast for each subject in order to form a special clay adapter which was exactly fitted to the subject's neck. The clay thus filled in the space between the skin and the container of the vibrator over a comparatively large area. For some of the subjects this adapter was not made and, instead, a simple ring of model clay filled in the space between the neck and the container. This temporary setup was also used for selecting the optimal location of the vibrator before the clay adapter was made. The use of an adapter generally proved helpful in both eliminating the sound leakage and stabilizing the location of the vibrator on the throat.
In the sessions of data acquisition a condenser microphone picked up the sound signal at the mouth opening, normally making a distance of about 1 cm from the lips to the closest edge of the microphone. The tip of the microphone, about 23 mm in diameter, was held vertically so that the effect of reflection of sound back to the vocal tract was minimized. A manual switch was provided in order to let the subject choose either a buzz signal from a pulsetrain generator or a sinusoidal output of a beat-frequency oscillator as the input signal to the transducer. By using the buzz source for an artificial "voice" signal, the subject could listen to his "articulation," and when he judged he was ready for a run• he gave a cue to the experimenter by switching from the buzz to the sinusoidal tone. The experimenter outside the chamber monitored the microphone signal by an oscilloscope and, on observation of the switching, he started sweeping from 100 Hz. The subject held the intended articulation as constant as possible, normally with his glottis completely closed (see infra), until the tone had gone up to a high enough frequency. A sweeping from 100 to 5000 Hz took about 8.5 sec; this sweeping rate was selected by considering the stability of the articulatory pose and the sharpness of the vocal-tract resonances. Some preliminary tests were made on the stability and reproducibility of articulations under this condition, and this sweeping time proved appropriate both for the subjects and for the frequency resolution.
The signal level from the microphone was recorded by a high-speed pen recorder (Brtiel & Kj•er, type 3304) as a function of frequency. The recording paper was driven in a mechanical link with the frequency dial of the oscillator (Brtiel & Kj•er in combination with the recorder above) at a paper speed of 10 mm/sec. The "writing speed" of the pen recorder was selected at 500 dB/sec, using a 10-cm-wide paper roll for the full swing of 50 dB.
The accuracy of recording the frequency response with the equipment employed and under the sweeping A high-frequency emphasis was given to the oscillator output (see Appendix A) in order to optimize the dynamic range over the entire frequency range of interest in consideration of both nonlinear distortions of the vibrator output at a high level (in low frequencies) and the electric and acoustic noise caused by the microphone and other sources. The frequency response of the vibrator adopted was reasonably smooth and good for the frequency range from 100 to 5000 Hz. The exact frequency characteristics varied considerably, depending on the loading condition. The mechanical impedance looking into the body wall from outside is not well known. Therefore an accurate estimate has not been made of the characteristics of the vibrator under the actual loading conditions. In our study of the vocaltract response, an assessment of the effective over-all characteristics including the vibrator and the body wall suffices our purpose, and this has been derived for individual recording sessions of each subject (see infra).
Some supplemental measurements were also made with simulated loading conditions, in addition to free-field measurements. From these measurements with models, it has been concluded that under the real loading condition the vibrator had a reasonable frequency response and the lowest resonance would be located slightly above 100 Hz and would be highly damped.
The transmission characteristics through the body wall depend heavily on the choice of the location of the vibrator in application. In some cases, we obtain very irregular curves as the frequency response, but it has been possible for our subjects to improve and obtain reasonably smooth curves after some trials. Some typical examples of the recorded curves are given in In principle, the correction function C(f) may be irregular and complex without invalidating the purpose of our study, as long as it remains unchanged for different samples within a session. Our equipment is in fact capable of handling these cases. In practice, however, it is obviously preferable to have curves for C(f) that are as smooth as possible, since it simplifies the process of successive approximation and avoids any possible ambiguity. Actual curves for C(f) obtained for our subjects are exemplified in greater when the impedance looking toward the outside through the mouth opening is higher, which is the case for closer vowels. The result is that we observe higher values of bandwidth for lower frequencies of our first formant. In these cases of comparatively low-frequency sounds, other sources of dissipation, e.g., the heat-conduction loss and the frictional loss of the wall, are estimated not to be appreciable compared with the abovementioned cavity wall, and the radiation loss at the orifice is also negligible. When the first formant is high in frequency, the radiation loss is expected to contribute several hertz to the bandwidth. n This would probably explain a slight rise of the bandwidth toward the right of the figure.
The marked difference between the data for male subjects and female subjects indicates that the mass of the surrounding wall is significantly smaller for females than for males. The portion of the wall of the vocal tract that effectively yields to the low-frequency acoustic pressure may be a particular area that has a comparatively small mass and a high compliance, most probably the glottal and supraglottal laryngeal areas. The actual system, in terms of its electrical analog (direct analog), has distributed branches of inductance with high dissipation connected to each other through compliances, and these would constitute a distributed parallel shunt circuit for the vocal-tract transmission network. In the lower-frequency range, the effect of this shunting network can be represented by a single lumped-constant inductance (and a large series capacitance) with a high damping factor, whereas the vocal tract with its radiation load can be approximated as a Helmholtz resonator. This model was proposed by Fant and Sonesson n in their study of degradation of vowel qualities in high ambient pressures. They observed that formant frequencies, particularly of the first formant, became considerably higher when vowel samples were pronounced in a high-pressure tank. Their data pertained to an atmospheric pressure as high as six. Consequently the effect of sound transnfission through the tissue structure surrounding the vocal tract was much more pronounced, owing to less abrupt change in characteristic impedance at the boundary between air and the flesh. 14 In this connection, it is of particular interest to ob- By a graphical method similar to that one discussed in connection with nasalization of vowels, we can semiquantitatively predict from the data above that the impedance singularity and zero will be found near 800 and 1000 Hz, respectively, if we measure the impedance looking into the trachea from the glottis (without the glottal constriction). This compares very well with preliminary results of direct acoustic measurement with a laryngectomized subject?
D. Stops
As an extreme case of close vowels, we can apply our Fro. 10. Comparisons between vowels with a very small labial opening and a bilabial stop consonant with approximately the same tongue articulation. The correction function for this set of data is given in Fig. 5 (2-22-SI) .
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Volume 49 to that for vowels, the high formant being sometimes quite sharp. Table II. The first-formant level is higher for the vowels than for the stops, as seen in Fig. 10 . If we assumed a vowel production model for the stop articulations by using the formant data in Table II , we would predict by simple calculation that the first-formant levels of the stops in comparison with the corresponding vowels (of Fig. 10 ) would be on average about 12 dB higher than the actual values. This is, of course, not surprising because the formant frequency for a stop is not determined by an actual labial opening through which the sound is emitted. Table III formant region and to damp the second formant at the same time, thus causing an appreciable deviation from the vocalic F pattern and a spread of acoustic energy into the lowest frequency range. In this respect, the slight opening of the glottis is very similar in the effects to nasalization, except that the spread of energy into the lowest frequency range is not observed. The trachea system is nmch larger than the nasal tract, and the lowest resonance of the combined system is too low to be considered. The effect is probably more like introducing a free-field radiation through a small hole at the glottis, which substantially damps the formants. The combination of nasalization and glottis-opening results in a suppression of any singling out peak, as demonstrated at the bottom of this figure for the three vowels. is obviously identified in the isolated spectrum as a local characteristic depends on the over-all complexity of the spectrum? For nasalization of vowels, too, a similar spectral cmnplexlty will be expected when the degree of nasalization is comparatively high.
IlL CONCLUDING REMARKS
A new technique of estimating the vocal4ract transfer characteristics by direct acoustic measurements has been proposed, and it has been experimentally used for obtaining data that led to some new findings about the acoustic characteristics of the articulatory system. The method to some extent depended on the articulatory skill of the subjects. In contrast to the revealing curves for the vowel F patterns elicited by many subjects as
The Journal of the Acoustical Society of America 5•J5 reported here, mostly without any special practice for this experiment, some subjects did not provide any comparative resonant curves. One common difficulty seemed to be in the control of the glottal conditions. Sometimes, the sepaxation of the glottal control from the velar control seemed to be particularly difficult. It is suspected that in some cases subjects might have tended to relax the esophagus opening in trying to close the glottis tightly. No attempt was made at the time of this experiment to monitor the laryngeal condition but by listening to the acoustic effect by use of the external buzz excitation.
Some data for Swedish fricative consonants have been collected from one of the male subjects in this experiment, but the data have been omitted from our analyses in this study. A combination of this method with stone other articulatory measurements, in particular radiographic observations, is also one of the themes for future studies. Observations of dynamic changes in articulation perhaps could be achieved by the same technique if we replace the sweep tone by a pulsetrain, and the level recording by a computational analysis of the output time function, a'• if the signal level could be high enough. 
